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PERFORMANCE OF SUPERSONIC SCOOP INLETS

By M. I. Welnstein

The design of efficient scoop Inlets for turbojet-powered super-
sonic aircreft is complicated by the necessity for removing the boundary
layer ahead of the inlets and for verying the geomstry of the inlet to
match the engine alr Inductlon requirements efflclently over a wlde
range of flight conditions. The design conslderstlions for successfully
coping with these problems have been broadly defined in recent reports
by a number of investigators (references 1 to 8).

It 1s the purpose of thls paper to dlscuss the effect of specific
inlet design detalls on the performance of a serles of baslc scoop
configurations, The data presented hereln represent only a brief sumary
of the results of an extenslve program conducted In.the 8~ by 6-foot
supersonic tunnel at the Iewls laboratory. The investigatlon was con-
ducted on & %rscale model of the forebody of the Douglas X-3 alrplsne

showvn 1In figure l. Twin scoop Inlets were located on elther slde of the
fuselage aft of the pilot®s canopy. Except where noted, the inlets were
pointed downward slightly so that they were effectively alined with the
entering flow at the airplane design crulse attitude of 3° angle of
attack. The msajor portlon of the approaching fuselage boundary layer
was dilverted around the inlets, passing outwards through the cpen sides
of the ram-type bhoundary-layer bleed scoops. The remainder of the
boundary layer was carrled Intermally through constant-ares ducts and
exited at the rear of the model. As & consequence of fuselage shape,
the Mach number gheed of the Inlets at crulse angle of attack averaged
about 0.2 below the free-stream value wlth negliglble logs in free-gtream
total pressure. The Reynolds number based on model lengbth ahesd of the
inlets was approximately 29x106 for supersonic speeds and 19x106 for
gubsonic gpeeds.

Investigations at the NACA Laboratories established (references 1
and-2) that, if the boundary layer is prevented from entering scoop
inlets (specifically, half-conical-spike types), pressure recoveries
can be reallzed which approach those for simllar configurations used as
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noge Inlets. However, the data were not obtained from actual fuselage
configurations and the drag penaliy assoclated wlth removal of the
boundaxry layer was not determined. TFrom the date of the present Inves-
tigation, it was posslble to evaluate these drag costs using a realistlc
fuselage and, in addition, for a number of scoop Inlet types. Typlcal
date are shown in figure 2 for the case of a scoop Inlet having a rounded
lip on a semiclrcular cowl used ln conjunctlon with a two-dlmenslonal
compression ramp. At the design Mach number of 2.0 and at 3° angle of
attack, the optimum performance lg here shown as a functlon of h/ﬁ 2
where h 18 the height of the boundary-layer bleed scoop (and of the
entering streamline) and B i1s the boundary-layer thickness based on
99-percent velocliy ratlo, The pressure recovery PZ/PO ls the ratilo

of total pressure at the diffuser exlt (the engine compressor face)} to
free-stream total pressure. The drag coefflcient OCp 1s based on the

maximum frontal area of the configuration and represents the Intermsl
thrust minus the sum of the balance readlng and the base force., Hers
the internal thrust le defined as the change in momentum of the Fflow
entering the 1lnlet measured between free-gtream conditions and thoge at -
the dlffuser exit. The over-all effect of boundary-lsyer removal is

shown in the lowest curve as the ordinate A(F,-D) /Fn,idea.l whioh repre-

genta the improvement In engine thruest minus configuration drag obtained
by Increasing h/8 and ls expressed as a fraction of the ldeal engine
thrust (or thrust at 100-percent pressure recovery). For calculation of
thrust, a representative turbojet engine Inmstallation was assumed to be
operating at an altltude of 35,000 feet and to include fully expanding
nozzles on afterburners having 3900° R outlet temperatures. The drag
penalty lncurred by complete removal of the boundary layer 1s so small
compared to improvement In pressure recovery, and hence thrust, that

the net propulsive foroce is increased 16 percent of the ldeal thrust.
Subsequent data in this paper at 3° angle of attack willl represent com-

Plete boundary-layer removal (]gl- = 1.0) except where noted.
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For inlets intended to operate over a wlde Mach number range, a
design feature of considerable importance is the relative sharpness of
the 1lip profille. BScme experimental date concerning this problem are
presented 1n reference 6. At the Ames Laboratory an experimental Inves-~
tigation was made (reference 7) to determine an efficient subsonic 1ip
for thls alrplane. This 1llp design was employed in the initial phase
of thls Investlgation on an Inlet deslgned for high subsonlc performsnce,
In figure 3 the performance of thls rounded-~lip inlet 1s compared with
that of a sharp-lip inlet designed for high superscnic performance, both
operating at deslgn Msch number of 2.0 and at crulse angle of attack of
3%, Details of the inlets are shown in the figures at the right of the
data., Both inlete had an approximately semicircular cowl and achleved -
varlable gecmetry by changes in the angle of the compression ramp, in



6052

NACA FM ES2A22 < ' ' 3

this case fixed at 14° relstive to the canopy surface. The internal and
external lip angles of the sharp-lip inlet were deslgned to avold shock
detachment behind the oblique shock at thls deslgn free-streem Mach number.
At the left glde of the flgure the performances are plotted as a function
of the diffuser discharge Mach number Ms. The mass-flow ratio .mz/mc

repregents the mass flow at the diffuser exlt divlided by the mass flow
over the canopy that would pass through an area equal to the combined
projJected ares of the Inlet face and the campression surface. Thus, a
mass ratio of unity represents the maximum mass flow that could be cap-
tured by an inlet. Pressure recovery and drag coefficlent are as pre-~
vlously defined.

Both the sharp-lip inlet and the rounded-llp Inlet gave essentlally
the sames recoverles. The dlfference in drags between the inlets can be
primerily attributed to the dlfferences in additive drag. The inherent
internal contraction of the rounded-lip inlet prevented the swallowing
of the normal shock at the deslgn Mach number of 2,0 whlch caused the
resultant 35-percent supercritlical mass-flow spillage and attendant
higher drag. Although the sharp-lip inlet 1s spllling approximately
16 percent of the mass flow 1n the supercritleal reglon, this splllage
represents the lnherent Insblillity of & semlclroulsr cowl to capbure all
of the flow compressed by the ramp. Reductlons in thls supercritical

splllage can be accomplighed by utilizing a rectangular cowl opening
in conjunction with the two-dimsnsional compression remp.

At the right of figure 4 are shown two inlets utillzed in this
Investlgation which hed rectangular cowls and sharp-llp profiles. The
corners of the cowls were slightly rounded. The upper edges of the cowl
lips were positioned slightly behind the oblique shock emanating at Mach
number 2.0 from the 12° compression ramp. On the inlet shown sbove , slde
fairings swept at this same shock angle wsre added 1n order to preserve
the two-dlmensionality of the flow compressed by the remp. Performance
of the Inlets is again plotted as a functlon of diffuser discharge
Mach number at deslgn conditilons.

The pressure recoverles of both rectanguler cowl Inlets were gen-
erally higher than the recoverles previously shown for the semicircular
cowl with the sharp-lip profile. Slde falrings generally limproved the
pressure-recovery characteristics of the rectangulasr cowl inlets bub
resulted in appreclaeble shock osclllatlions or pulsing in the subcritical
region. The rectangular cowl Inlets indicated considerable reductlon In
splliage compared to the sharp-~lip, semlclrcular cowl Inlet as can be
seen by reference to the dashes showing the supsrcritical mass-flow
ratlo of the latter inlet. Side falrings reduced the spillage essen-
tially to zero. Desplte the relatlvely large difference in spillage,
appreciable difference in drag between rectangulsr and semiclrcular
inlets is not evident. This results from the fact that, behind oblique
shocks, relatively little addltive dreg is assoclated with splllages of
the order shown here.
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The conical-spike type Inlet, commonly used as a supersonlc nose
inlet, was also inocluded in the lnvestigatlon; its performance is shown
in figure 5. This scoop configuration is the three-dimensional counter-
part of the previously shown rectangular cowl inlet with side fairings
since both types can be designed to splll zero mass flow and hence have
zero addltive drag. Variable geometry is achieved with this iInlet by
varying the longltudinel position of the spike with respeoct to the cowl.
A sharp-lip profile was incorporated and was deslgned to avoid shock
detachment in the conical flow field at the free-stream Mach number Z2.0.

2509

Pressure recoverles of the conlcal splke Inlet were generally lower
than those of the rectangular cowl inlet with slde fairings. Similar
pronounced pulsing occurred ln the subcritical regime., Of Interest is
the fact that the inlets other than the two shown here dld not exhibilt
pulsing characteristice except at very low mass-flow ratlos. Little
difference is notlceable ln the supercritlicsl mass-flow splllages of
the two inlets compared here., The slight drag reduction of the splke
inlet 1s largely attributable to a decreasse in pressure drag.

Neither pressure recovery nor drag alone can provide the proper
criterion for comparative evalunatlon of the varlous inlets. Comparison
can be made, however, on the bagls of thrust minus drag F,-D calcu-

lated from the indicated pregsure recoverles and drag coefficlents.

Here ageln thrusts are derlved firom the previously consldered turbojet
englne Installation operating at an altitude of 35,000 feet. The peak
value of thls parameter occurred for all iInlets at an M, slightly less

than critlcal as 1lg indlcated by a typlcal example In figure 5. The
maximum value of F,-D indicates the optlmum My for matching & glven

inlet to an englne and In addition provides the deslired flgure of inlet
merit.

Relative performance of the varilous Inlets at design My = 2.0

and at o = 3° is shown in figure 6. Comparison is made on the basis
of the Improvement in maximum F,-D of each inlet over that of the
rounded-lip inlet and expressed as fractlon of ldeal thrust. The values
of pressure recovery and drag coefflcient shown In the filgure are the
values at the diffuser dlscharge Mach number corresponding to peask
thrust minus drag. At the exbtreme right of the figure are shown date
for the normel-wedge 1lnlet whlch has not been previously diliscussed in
thils paper. Thls Inlet features & compresslon wedge normsl to the sur-~
face of the fuselage and at this Mach number had an included angle of
289, The semicircular cowl was swept behind the shock angle from the L
wedge at & free-streem Mach number of 2.0 and had a relatively sharp -
profile, In order to permit sccomodation of thils inlet to the test
configuration, 1t was necesgsary to reduce the inlet size to 80 percent

of the design value. In addltion, data for the normal wedge inlet were -



6052

NACA RM ES2A22 L 5

not obtained at values of % = 1,0. Thus the actual data shown by the

golid lines were extrapolated and are shown as dashed lines to represent
an inlet size and bleed scoop height comparable to the other inlets.

The increase In thrust minus drag obbtalned by sharpening the lip
of the semlicircular cowl (equel to 7 .percent of the 1desl thrust) repre-
sents a gain of approximately 1300 pounds 1n available thrust for the
enbire sirplane. Of the sharp-lip inlets, the most efficient is the
rectangular cowl with slde falrings whlch Indlcates an improvement of
13 percent of the ideal thrust over the rounded-lip-inlet performance.
Since, during the investlgatlion, no attempt was made to optimize the pers
formance of each of the Inlets, 1t is felt that, with greater attention
to deslgn details, the performance of all of the sharp-1lip inlets could
be raimed to a comparabls level. Of perhaps greatest slgnificance from
the flgure 1s the pronounced superiority of all sharp-lip 1lnlets over
the rounded~lip Inlet at a Mach number of 2.,0.

This marked superlority disappesrs, however, at Mach number 1.5 as
is shown by the comparison In figure 7 of the on-deslign performance of
the various inlets at that Mach number and at 3° angle of attack. Eere
the maximum variatlion In performance of all Inlets amounts to only
3 percent of the ideal thrust. Thus, use of rounded-lip Inlets for the
flight range to Mg = 1.5 appears satisfactory. This 1s conflrmed

somswhat by the data of reference § which Indlcate that 1llp profile is
not critical at low supersonic Mach numbers as regerds pressure
recovery.

For a complete evaluation of the relative merits of the varlious
inlets, consideration must be givem not only to the aesrodynamic perform~
ance at the supersonlc Mach numbsrs but there muet also be a concerm for
the effects of angle of attack and operation at subsonlc Mach numbers,

The sensltivity of the varlous inletes to angle of attack lg illus-
trated in figure 8 for the design Mach number of 2.0. The ratio of the
total pressure P2 at any angle of atbtack to Pg at 3° angle of attack
is plotted as & functlon of the angle of attack. Normal wedge date are
not shown because of the impracticabllity of extrapolating the perform-
ance at angle of attack to an h/8 of 1.0. The reference curve of the
figure empirically predicts the decrease in the pressure recovery at
angle of attack by considering only the lsolated effect of the increasing
boundary laysr and consequent decrease 1in h/S at angle of attack.

The radical departure of the recovery ratlo of the rectangular cowl
inlet with slde falrings and of the conlcal spike Inlet from this -
reference curve Indicates the greater sensitlvity of these inlets %o
cross-flow effects. (To a small degree, the conlcal spike inlet 1s
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penalized at angles of attack since 1t was allned wilth the fuselage axis.)
Apparently, greater attention should be glven to the clrcumferential loca-
tion of these inlets a8 compared to that needed for the relatively Insen-

sitive rounded-lip inlet.

Consldering pressure recovery PZ/PO, relatively good performence ls
shown at 12° for the rounded-lip inlet; however, at angle of attack, the
comparison of inlet performance should also Include the effects of drag.
Thils is done In figure 9 where the thrust minusg drag le expressed as a
fraction of the ideal thrust at My = 2.0. The drag data at angle of

attack lose considerable mignificance since the configuration does not
repregent the entlre alrplane. Therefore the ordinstes of thls flgure
are omitted and only relative comparlsons can be mede. Assessing the
inlet merites in this manner shows the conslstent superiority of the
sharp-lip inlets at angle of attack to 12°, The relatively greater
gensitlivity to angle of attack of the rectangular cowl inlet with side
falrings and of the conlcael splke Inlet ls agaln emphasized.

Pressurse~recovery characterlistics of several of the inlets were
obtalned &t & Mach number of 0.64. These date are shown in figure 10
where the pressure recovery ils plotted as a function of the dlffuser
discharge Mach number, The data were cbtalned wilith the 1nlets designed
for Mg = 1.5 and subsequently extrapolated to represent the conditlon

of minimum displacement posltion of the compression surfaces., Drag
data were not obtained at this Mach number, Thus, comparison of inlet
performance can best be made by reference to the pressure recoverles

at the diffuser discharge Mach number that would match the previocusly
agsumed engine, operating at an alitltude of 35,000 feet. On thls basls,
the differences in pressure recovery of the Inlets investigated were
relatively small. Although not tested at thls Mach number, the inlet
having & rounded llp and semloclircular cowl would be expected to glve
comparable or better pressure recoverles than any of the lnlets shown
in this figure. It therefore appears that, from the standpoint of
pressure recovery at thls Mach number as at low-supersonic Mach numbers,
there 1s 11ttle to choose between sherp- and ‘rounded-lip profiles.

The datsa of reference 6 also show that sharp proflles and rounded pro-
flles can give comparable perfocrmance for high-subsonlc Mach numbers,

Take-of'f performance of the varlous Inlets was simulated by a
bench test of the configurations. These data are shown in figure 11
in the form of total pressure recovery plotted against diffuser discharge
Mach number. As at the subsonic Mach number, the compression surfaces
wore here assumed to be at the miniwmum displacement glving effectively
maximum inlet area. As might well be expected, the sharp-lip inlets
suffer conslderable pressure-recovery losses compared to the rounded-
11lp inlet., Shown In the flgure 1s the diffuser discharge Mach number

2509
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reguired for engine matching at sea level for statlc conditlons. The
pressure recoveries of the various inlets at the englne-matching Mach
number are tbtranslated to the ratio of thrust divided by engine rated
thrust and shown to the right of the designations of the variocus curves.
A high percentage of this maximum available thrust can be realized by the
rounded-~11ip inlet, showing a value of 92 percent. In contrast, the

best sherp-lip design, that of the semicircular cowl, obtains only _
74 percent. For sharp-lip Inlets designed primarily for hlgh supersonic
performence, the use of suxillary alr intakes thus appears highly nec-
esgary unless large losses in maximum take-off power can be tolerated.

In concluslon, the results of this investigation indicate:
(1) Rounded-lip inlets may give satisfactory performence up to a Mach
number of 1.5. (2) The use of sharp-lip inlets can result in consider-
able gein In avallable thrust at Mg = 2.0 bdDub has the added complica-

tion of requiring auxiliary air intakes for teke-off conditioms. (3) No
inlet type ls merkedly superlor over the entlre range of operating vari-
ables so that the cholce of a specific inlet deslgn will be Influenced
by consldergtlion of structural and mechanical complexities as well as
the serodynamic performance.

Yewls Flight Propulslon Iaboratory
FNatlional Advisory Committee for Aercnautics
Cleveland, Ohio
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